Two-dimensional particle-in-cell simulation shows that a target with subwavelength nanolayered front can reduce the reflection and increase the absorption of the energy of an intense short laser pulse. The electrons within the skin depth on the surfaces of the nanolayers are accelerated by J ϫ B heating to relativistic velocities and ejected into the narrow vacuum spaces between the layers. They then propagate forward with most of the absorbed laser energy along the surfaces of the layers. Conversion of the laser energy into electron energy can be enhanced by optimizing the vacuum spacing between the nanolayers since the phase structure of the laser field in the target is modified. The effects of the layer width, length, and spacing on the energy conversion efficiency are investigated.
I. INTRODUCTION
Efficient absorption of the energy of intense short laser pulses by solid targets is a key issue in the production of energetic electrons and ions, 1-6 laser fusion, 7 and novel highbrightness x-ray and K ␣ sources. [8] [9] [10] [11] [12] A critical issue in fast ignition is the generation of hot electrons of appropriate density, energy, and collimation, and their efficient transport to the fuel core. It is thus desirable to maximize the efficiency of laser-to-electron energy coupling. In a novel design, a hollow cone guide is used to reduce the energy loss of the laser light by allowing it to bypass the energy-reflecting lowdensity coronal plasma. [13] [14] [15] [16] It is found that during the interaction with the intense laser pulse, the inner cone-surface electrons are efficiently accelerated to the cone tip. The laserplasma interaction at the inner cone wall is a nonlinear surface effect and takes place mainly in an effective skin layer.
For solid targets, the linear collisionless skin depth ␦ s = c / p satisfies ␦ s Ӷ, where c is the speed of light in vacuum, and p and are the electron plasma frequency and the vacuum laser wavelength, respectively. Known mechanisms of hot electron generation by laser-solid target interaction include resonance absorption at the critical density surface, 17 where an intense plasma wave is locally excited by the laser electric field at the turning point, and Brunel absorption or vacuum heating at a sharp ͑subwavelength scaled͒ plasma-vacuum interface, 18 in which target electrons are directly driven into the vacuum by the laser electric field component normal to the interface and sent back into the plasma with velocities in the order of the quiver velocity. Hot electrons can also be generated by J ϫ B acceleration, 19, 20 in which the electrons are accelerated by the oscillating component of the ponderomotive force. With resonance absorption, the electrons are accelerated at a certain angle to the density gradient rather than along it. 21, 22 Vacuum heating accelerates the electrons in a direction normal to the target surface, 22, 23 and the J ϫ B force accelerates them along the laser propagation direction.
To improve the conversion efficiency of laser energy into hot-electron energy, targets with various structured surfaces have been investigated. [24] [25] [26] [27] [28] In this paper, we propose a subwavelength nanolayered target having a front surface consisting of a stack of closely ͑subwavelength͒ spaced thin layers. Two-dimensional particle-in-cell ͑PIC͒ simulation shows that efficient energy coupling and absorption of laser light by this target can be realized.
The paper is organized as follows. In Sec. II, we present the typical simulation results to expound the reduced reflection and increased absorption by the nanolayered target with respect to the standard planar target. In Sec. III, enhancement of the energy coupling efficiency by increasing the interlayer vacuum spacing is investigated. In Sec. IV, the dependences of absorption and reflection on the other target parameters are discussed. A summary of our results is given in Sec. V.
II. EFFICIENT ABSORPTION BY A NANOLAYERED TARGET
In our 2D3V PIC simulation, 29 the nanolayered target is modeled by a stack of thin plasma layers at subwavelength spacing, as shown in Fig. 1͑a͒ . The substrate ͑on the right͒ is omitted in order to isolate the effect of the layered structure. The nanolayers are assumed to be preionized Cu A p-or s-polarized laser pulse from the left edge of the simulation box is incident normally on the layered structure in the x direction. The laser has a rise time of two laser cycles. It is then maintained for 15T at an intensity I 0 =5 ϫ 10 19 W / cm 2 , corresponding to a 0 = eE 0 / m 0 c ϳ 4.8, and then cut off. Here e, m, 0 , T͑=2.7 fs͒, and E 0 are the electron charge and rest mass, the laser frequency, period, and electric field amplitude, respectively. The simulation box is 20 along the x direction and 10 along the y direction. The spatial mesh contains 1024ϫ 512 cells with 4 ϫ 10 7 each of electrons and ions. The space and time coordinates are normalized by and T, respectively, the electron density n e by the critical density n c , and the electric ͑E͒ and magnetic ͑B͒ fields by m 0 c / e.
When an a 0 ϳ 4.8 s-polarized laser pulse, focused to a 4 spot, impinges on the nanolayered surface, the wave fields enter the target surface in the skin depth and interact with the surface electrons. For a nanolayer target of density 50n c and fill fraction f = 0.5, the effective density of the plasma as seen by the laser is ϳ25n c and the relativistic skin depth is ϳ0.1. Figure 2͑a͒ shows the distribution of the electromagnetic field energy density E 2 + B 2 at t = 7.46T, i.e., shortly after reflection has taken place. The electromagnetic field in the layered target consists of the incident, reflected, and scattered wave fields. We see that the laser fields penetrate only about one relativistic skin length into the surfaces of the layers and most of the incident light is reflected and scattered ͓gray colored in Fig. 2͑a͔͒ . Figure 2͑b͒ shows the normalized ͑by mc 2 n c ͒ electron energy density E ke . Acceleration of electrons in the skin layer can be observed. Figure 2͑c͒ shows the Fourier spectrum of the normalized ͑by en c c͒ longitudinal current density J x at x ϳ 5 and y =5. We note that J x peaks 19, 20 It can also be shown that ϳ67% of the laser energy is reflected, which is about the same as that for a solid planar target.
As expected, the scenario is quite different for a p-polarized laser pulse with its electric field component in the y direction. Figure 3͑a͒ shows the normalized electron energy density E ke at t = 7.46T. We can see that the hot electrons from J ϫ B heating can propagate along the nanolayers for a relatively long distance. Figures 3͑b͒ and 3͑c͒ also show that the fields E y and B z are consistent with the forward motion of the hot electrons 30 and they also align the latter along the nanolayers. Figure 3͑d͒ shows the normalized electron energy density E ke at a later time ͑t = 11.19T͒. The hot electrons can propagate for a distance longer than the skin length. It can be shown that ϳ16% of the laser energy is reflected, which is less than that for a planar target. Furthermore, ϳ81% of the laser energy is absorbed during the laserplasma interaction and most of the transferred energy is carried by the hot electrons.
III. ENHANCED ABSORPTION BY A NANOLAYERED TARGET WITH WIDER INTERLAYER VACUUM SPACING
We now investigate the effect of the vacuum spacing between the nanolayers. Figure 4 is for d 2 = 0.7, corresponding to a fill fraction f = 0.22, with the other parameters the same as before. It shows that at t = 18.65T, the initially s-polarized laser electric and magnetic fields are restructured since the laser pulse is tailored naturally and split into the vacuum spaces, 31 and most of the laser field has entered or transmitted through the target. In fact, about 58% of the laser light is transmitted, and the reflectivity is only ϳ5%. Moreover, when a p-polarized laser pulse is used, the ejected electrons from the layer surfaces can undergo additional acceleration by the restructured electromagnetic fields there. In Fig. 5͑a͒ for t = 18.65T, we can see that hot electrons with density n ϳ 2n c have been pulled out from and accelerated FIG. 3 . ͑Color online͒ The normalized ͑a͒ electron energy density E ke , ͑b͒ electric field E y , and ͑c͒ magnetic field B z at t = 7.46T, and ͑d͒ electron energy density E ke at t = 11.19T. The parameters are the same as in Fig. 2 , but the laser pulse is p-polarized. 
043103-3
Enhanced absorption of intense short-pulse laser light… Phys. Plasmas 17, 043103 ͑2010͒
forward along the nanolayer surfaces. 32 Figure 5͑b͒ for the normalized electron energy density E ke indicates that hot electrons are pulled out by the laser as well as the induced fields. As can be seen in Figs. 5͑c͒ and 5͑d͒ , the electric ͑E y ͒ and magnetic ͑B z ͒ fields in the narrow vacuum spaces retain the original longitudinal light-wave phase, and the fields on the upper and lower surfaces of each layer point in opposite directions, such that electrons on both surfaces are pulled into the vacuum by the electric field and accelerated forward by the Lorentz force. The acceleration length is limited to less than cT / 2 Ϸ / 2 since the maximum velocity of the electrons is very close to the light speed. Figure 5͑e͒ shows the electron phase space ͑P x , P y ͒, normalized by mc. One can see that there are many more forward accelerated ͑P x Ͼ 0͒ than backward accelerated ͑P x Ͻ 0͒ electrons, and the former can attain higher energies, up to the MeV level, which is consistent with the maximum energy gain ␥ max ϳ a 0 2 / 2 ϳ 12 by a laser-accelerated electron as estimated from simple theoretical consideration. 33 As can be seen from the energy spectrum shown in Fig. 5͑f͒ , most of the absorbed laser energy is carried by the forward moving hot electrons. Two distinct electron temperature components, namely, ϳ39 keV and ϳ0.9 MeV, can also be identified.
The low-density laser-ejected electrons in the vacuum spaces can greatly enhance absorption of the laser energy. We found that only ϳ3% of the laser energy is reflected, and nearly 90% is consumed in the laser-plasma interaction and absorbed by the target. This is much more than that for a planar target, with an absorption of only ϳ32%. Accordingly, enhanced absorption and reduced reflection can be achieved by using a nanolayered target with appropriate layer spacing.
IV. DEPENDENCE OF ENERGY COUPLING ON TARGET PARAMETERS
To see the dependence of the efficiency of laser energy coupling to the nanolayered target, simulations with different parameters have been performed. The absorption and reflection coefficients of a solid foil with thickness 1 and nano- FIG. 5 . ͑Color online͒ Normalized ͑a͒ net charge number density ͑n i − n e ͒ / n c , ͑b͒ electron energy density E ke , ͑c͒ the electric field E y , ͑d͒ the magnetic field of B z , ͑e͒ electron phase space ͑P x , P y ͒, and ͑f͒ energy spectrum of the forward electrons, at t = 18.65T. The dashed lines in ͑a͒-͑d͒ mark the left and right target surfaces. The forward ͑P x Ͼ 0͒ and backward ͑P x Ͻ 0͒ moving electrons in ͑e͒ are also colored black ͑solid circles͒ and red ͑triangles͒, respectively. The ͑red͒ dashed lines in ͑f͒ show the gradients that determine the corresponding temperatures.
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Cao et al. Phys. Plasmas 17, 043103 ͑2010͒ layered targets with different vacuum spacing ͑d 2 = 0.1 to 0.8͒ at a width ͑d 1 = 0.2͒ are shown in Fig. 6͑a͒ . One can see that although the plasma nanolayers are overdense ͑50n c ͒, the layered structure results in more absorption and less reflection than those for a planar foil. The total absorption scales weakly with d 2 when the vacuum spacing is more than 0.1. As d 2 increases there is in general less reflection ͑ϳ10%͒ and stronger absorption ͑ϳ80%, more than two times that of a flat target͒. However, too small the vacuum spacing ͑d 2 Ͻ 0.1͒ or too large the filling fraction ͑f Ͼ 0.67͒ can lead to more reflection and less absorption. In fact, we see in Fig. 6͑a͒ that as d 2 → 0 the simulation result approaches that for a planar target ͑d 2 = 0 and f =1͒. Figure 6͑b͒ shows the effect of the layer thickness for d 1 = 0.1-0.8 and d 2 = 0.7. We see that as d 1 increases, reflection increases and absorption decreases. This is expected since the average density of the plasma increases.
V. CONCLUSION
In conclusion, our 2D PIC simulation results show that, compared to a regular planar target, a subwavelength nanolayer target leads to reduced reflection and increased absorption of laser energy. The electrons from the skin layer of the layered target accelerated by J ϫ B heating move forward parallel to the layer surfaces with most of the absorbed laser energy, even when the laser pulse cannot completely enter the layered structure. The conversion efficiency of laser energy into electron energy can be remarkably enhanced. Furthermore, when the interlayer vacuum spacing is increased, the coupling efficiency is greatly enhanced since the accelerated electrons undergo additional interaction with the laser field that has entered the vacuum gaps. Dependence of the coupling efficiency on the widths of the layers and the vacuum spacing has also been investigated. Our results can be useful to the design of x-ray or K ␣ sources and schemes of laser generated fast electrons in fast ignition, as well as to future investigations of the interaction of a laser pulse with three-dimensional brushlike targets consisting of a matrix of nanowires. Such nanobrush targets can be electrochemically grown on a substrate. 6 . ͑Color online͒ Dependence of the reflectivity ͑black solid line͒ and absorptivity ͑red dashed line͒ on ͑a͒ the interlayer vacuum spacing d 2 , and ͑b͒ the width d 1 of the nanolayers. In ͑a͒ one can see that the reflectivity and absorptivity approach those ͑open black squares and red circles, respectively͒ of the plane target ͑d 2 → 0͒.
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